Abstract. With product miniaturization, the requirement on good forming quality and high dimensional accuracy of micro parts is increasing dramatically. In micro bending process, the springback, a critical factor for the accuracy of micro-bent parts, is significantly affected by size effects. In view of the strong influence of material properties on springback behavior, this paper first reviews the influences of three size-dependent factors on material properties, including foil thickness, grain size and thickness to grain size ratio. Afterwards, the review on the influences of these factors on springback behavior are presented, aiming at enhancing the understanding of relevant size effects and proposing a quantitative analysis approach to evaluate the dimensional accuracy of micro-bent parts.
Introduction
The increasing demands for miniaturized parts render great challenges to manufacturing. Micro forming, one of the most promising manufacturing approaches, presents attractive advantages of fabricating metallic micro parts efficiently with high productivity, low production cost and good forming quality [1] [2] [3] [4] . With its booming development, the demand on the accuracy of the metallic micro parts is elevating and has stimulated the research on the precision evaluation of micro-formed parts. In terms of micro bending process, the springback, caused by elastic recovery during unloading, is an important factor significantly affects the dimensional accuracy of micro-bent parts [5, 6] .
Over the past decades, macro-scale bending of metal sheets was widely investigated experimentally, numerically and analytically. Some factors affecting springback such as material properties, tooling geometry and process parameters, have been extensively studied and reviewed [7] [8] [9] . However, when the geometry dimension of micro-bent parts is downscaled to micro-scale, the conventional knowledge of macro-scaled bending process could not be directly applied in micro bending due to the so-called size effect [2, 10, 11] . Figure 1 summarizes the size effect related issues in micro bending process. The size effects on material properties in micro bending are characterized by thickness, grain size, thickness to grain size ratio and surface property [12] . These factors have a close relationship with material properties, which in turn affect the dimensional accuracy of micro-bent parts. According to available literatures, foil thickness and grain size, especially for the ratio of metal foil thickness to grain size, are key factors affecting springback behavior [10, 13, 14] . Nevertheless, few reviews highlighting the influence of the forementioned three factors on material properties and springback angle have been reported.
In this paper, an experiment-based review on influences of thickness, grain size and thickness to grain size ratio on material properties and springback behavior are comprehensively summarized. The paper aims at providing an overall understanding of this issue and laying a foundation of establishing a quantitative analysis approach to evaluate the dimensional accuracy of micro-bent parts in the future.
Size effects on material properties
According to the classical bending theory [15] , material properties, such as flow stress and Young's modulus, are vital factors affecting the springback angle. In order to investigate material properties of metal foils, tensile tests are usually conducted. The obtained flow stress curves, which represent the strength of forming materials, could interpret the influences of size effects on material properties.
Effect of thickness on material properties
Effect of thickness on the flow stress has shown two opposite tendencies. Liu et al. [16] investigated the geometry size effect on material properties of pure copper sheets with thickness ranging from 0.1 mm to 0.6 mm by tensile tests. It is found that the flow stress decreases with sheet thickness of similar grain size, as shown in Fig. 2(a) . This "thinner is weaker" effect has been verified via different metal sheets, such as aluminum [14] and brass [17] . It is caused by the increasing share of surface grains in the overall volume when the sheet thickness decreases. Since surface grains have a free boundary and cannot hinder the movement of dislocations, they exhibit lower yield strength than grains positioned within the material, contributing to the decrease in material strength.
The opposite tendency is "thinner is stronger" effect, revealing the increasing flow stress with the decreasing thickness of metal foils. Suzuki et al. [18] conducted tensile tests of pure aluminum foils when the average grain size is 48 m and thicknesses range from 20 m to 50 m. With the reduction of the thickness, an obvious increase of yield strength is observed in Fig. 2(b) . Li et al. [19] have also observed the similar tendency in tensile tests of CuZn37 brass foils with thickness ranging from 25 m to 200 m. The "thinner is stronger" size effect is most likely simultaneously influenced by both the great inhomogeneous deformation and the high strain gradient [19, 20] . When the thickness of metal foils decreases to only one or several grains across the thickness direction, anisotropic properties of every single grain become significant to the deformation behavior and lead to the inhomogeneous deformation. This results in an increase in material strength. Additionally, some researchers proposed the strain gradient hardening theory to interpret this size effect. It has been observed that high strain gradient occurs with the foil thickness decreasing, leading to an increase in material strength due to an increasing density of geometrically necessary dislocations [21] . In order to carry out an in-depth investigation on the effect of thickness on the material strength, some researchers conducted tensile tests of the same metal foils with a wide range of thickness and observed both size effects. The experimental results are listed in Table 1 .
The reason why the same material exhibits two opposite size effects in the different thickness range is that flow stress and yield strength are influenced by both the surface grain weakening effect and strain gradient hardening effect [24] . When the thickness is large, flow stress and yield strength are mainly influenced by the surface grain weakening effect, representing a decrease with decreasing thickness. Whereas, when the thickness decreases to a certain value, the strain gradient hardening effect dominates the influence, showing the "thinner is stronger" size effect. However, how to determine the thickness threshold of different size effects is an important issue worthy of further study.
Effect of grain size on material properties
Wang et al. [17] investigated three different thicknesses of copper alloy C2680 with different annealing conditions. The flow stress is found to decrease with the increase of grain size when the foil thickness 09010-p. 3 keeps constant. This indicates that the grain size effect obviously affects the flow stress of this kind of material. In addition, some prior researches also verified the grain size effect in the copper [25] , C2680 brass [23] , CuZn37 brass [19] , Fe [26] , et al.
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Generally, the grain size effect is described by the Hall-Petch equation, which states the finer the grain size, the higher the material strength. Another reason accounting for this effect is surface grains have lesser constraints and their flow stresses are relatively lower than those of inner grains. When the average grain size increases, the portion of surface grains increases, thus the flow stress decreases.
Effect of thickness to grain size ratio on material properties
According to the foregoing experimental researches, it is indicated that both the thickness and grain size have strong influences on the material strength. In order to figure out one parameter that could take the interactive influence between the thickness and grain size into consideration, some researchers proposed thickness to grain size ratio (T/D ratio), which represents the average grain number across the thickness direction, to investigate the influence of size effect on material properties.
According to tensile and bending tests of aluminum 1100 and brass 26000 conducted by Gau et al. [27] , as shown in Fig. 3 , for T/D>1, the yield strength decreases with the decrease in T/D ratio; for T/D<1, the yield strength increases with the decrease in T/D ratio. This is because when the thickness downscales to the same magnitude as the grain size, mechanical properties of individual grains in the plastic zone have an increasing influence on the forming behavior, resulting in a trend of the increase in yield strength. Similarly, Raulea et al. [14] observed this trend in experiments of aluminum sheets.
Size effects on springback angle

Effect of thickness on springback angle
The investigations of how foil thickness affects springback angle are usually conducted by three-point bending [16, 28, 29] , V-bending [30] , U-bending [17] and free-bending experiments [10, 20, 31] .
Wang et al. [30] studied the springback in three-point bending experiments of C2680 brass foils with thicknesses of 40, 60, 80 and 100 m. It is observed that foil thickness is the most vital factor affecting the springback angle which increases with the decrease of foil thickness. Wang et al. [17] conducted micro U-bending experiments of C2680 brass with thicknesses ranging from 100-400 m and found the springback angle increases with the decrease of foil thickness no matter how large the grain size is.
09010-p. 4 
ICNFT 2015
Diehl et al. [10] and Li et al. [31] carried out scaled micro free-bending experiments of pure aluminum foils with thicknesses ranging from 25 m to 500 m. In the experiments, springback angle is found to increase with the decreasing foil thickness, which is attributed to the plastic strain gradient hardening effect.
Effect of grain size on springback angle
Diehl et al. [10] investigated the influence of grain size on the springback angle of pure aluminum foils with various thicknesses (25-200 microns) by free bending tests. Different heat treatments were conducted to obtain fine and coarse grains. It is revealed that when the thickness keeps constant, the springback angle decreases with the increasing grain size. This phenomenon could be interpreted by the surface layer model. For the same thickness of metal foils, an increasing share of surface grains occurs when grain size increases thus presenting a reduced resistance against the plastic deformation. Due to the enlarged plastic zone and shrunk elastic zone, the springback angle which is caused by elastic recovery decreases. Similar results were found in [20, 29] . In addition, Wang et al. [32] verified the influence of grain size on springback angle in micro free-bending by numerical simulation.
Effect of thickness to grain size ratio on springback angle
Gau et al. [28] conducted three-point bending experiments to study the springback behavior of C26000 brass sheet. It is found that the springback angle could be expressed as a function of T/D ratio, which decreases with an increase of T/D ratio. The similar tendency was also reported in [29] .
However, some different experimental results are observed as well. Chen and Jiang [26] adopted T/D ratio to investigate the springback behavior in micro V-bending test and found that for the constant grain size, the springback angle decreases with an increase in T/D ratio. For the constant thickness, nevertheless, the springforward occurs when T/D ratio is less than 2, as shown in Fig. 4(a) . Liu et al. [16] also carried out three-point bending tests using copper foils to study the interactive effect between foil thickness and grain size. As shown in Fig. 4(b) , the springback angle decreases with the increasing T/D ratio, which is consistent with forementioned results. Whereas, they observed that the springback angle does not monotonously vary with T/D ratio. With almost the same T/D ratio, the metal foil with T = 0.4 mm and D = 132 m has much smaller springback angle than those foils with T = 0.2 mm and D = 55-75 m. The main reason is when the thickness difference is large even though they have the same T/D ratio, the thickness is a decisive factor affecting the springback angle. Therefore, the springback behavior could not be interpreted only by T/D ratio.
Conclusions
Micro bending is one of the most widely used processes in micro forming. The springback, a prominent factor affecting the dimensional accuracy of micro-bent parts, is significantly influenced by size effects. In order to evaluate the dimensional accuracy of micro-bent parts, it is important to investigate how size effects and springback influence each other during micro bending process. For this purpose, a review based on experimental researches is reported focusing on the influence of foil thickness, grain size and thickness to grain size ratio on material properties and springback behavior.
Available researches have demonstrated that abovementioned factors have significant influences on material properties and springback angle, however, most conclusions were drawn by qualitative description based on experimental results rather than quantitative analysis. Therefore, a series of experiments of brass foils are being carried out to extensively investigate the influence of foil thickness, grain size and thickness to grain size ratio on material properties and springback behavior with a view to 09010-p. 5 [16, 26] .
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proposing a quantitative analysis approach to evaluate and control the dimensional accuracy of microbent parts.
